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C-NDPURPOSE: To assess the suitability of a new 345 nm ultraviolet (UV) femtosecond laser for refrac-
tive surgery.
SETTING: Department of Ophthalmology, University of Erlangen-N€urnberg, Erlangen, Germany.
DESIGN: Experimental study.
METHODS: Twenty-five porcine corneas were used for stromal flap or lamellar bed creation (stromal
depth, 150mm)and 15 rabbit corneas for lamellar bed creation near the endothelium.Ultraviolet femto-
second laser cutting-line morphology, gas formation, and keratocyte death rate were evaluated using
light and electron microscopy and compared with a standard infrared (IR) femtosecond laser.
Endothelial cell survival was examined after application of a laser cut near the endothelium.
RESULTS: Flaps created by the UV laser were lifted easily. Gas formation was reduced 4.2-fold
compared with the IR laser (P Z .001). The keratocyte death rate near the interface was almost
doubled; however, the death zone was confined to a region within 38 mm G 10 (SD) along the
cutting line. Histologically and ultrastructurally, a distinct and continuous cutting line was not found
after UV femtosecond laser application if flap lifting was omitted and standard energy parameters
were used. Instead, a regular pattern of vertical striations, presumably representing self-focusing
induced regions of optical tissue breakdown, were identified. Lamellar bed creation with standard
energy parameters 50 mm from the endothelium rendered the endothelial cells intact and viable.
CONCLUSION: The new 345 nm femtosecond laser is a candidate for pending in vivo trials and
future high-precision flap creation, intrastromal lenticule extraction, and ultrathin Descemet-
stripping endothelial keratoplasty.
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nc-nd/4.0/).In the mid-1990s, the foundation of modern laser in
situ keratomileusis (LASIK) was laidwhenmechanical
microkeratome–based stromal flap creation was com-
bined with excimer laser–driven photoablation.1–3
Today, optimized and refined versions of LASIK are
among the safest and most successful surgical proce-
dures on the globe. However, in a small percentage
of patients, flap-related complications arise.4–8 To
lower the risk for and incidence of such side effects,
femtosecond lasers were introduced for the purposers. Published by Elsevier Inc. This is an open access article under
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).of flap formation (femtosecond-assisted LASIK)
around the year 2000.9–12 This represented a leap for-
ward with respect to reduced complication rates and
significantly higher predictability of the surgical
outcome.
Because 2 types of laser systemsdfemtosecond
and excimerdare used in femtosecond-assisted
LASIK, a procedure called femtosecond lenticule
extraction (FLEx, Carl Zeiss Meditec AG) or refrac-
tive lenticule extraction (ReLEx, Carl Zeiss Meditechttp://dx.doi.org/10.1016/j.jcrs.2014.11.046 1279
0886-3350
1280 LABORATORY SCIENCE: 345 NM UV FEMTOSECOND LASERAG) was developed. The procedure allows flap cre-
ation and subsequent extraction of refractive lenti-
cules with a femtosecond laser only.13–15 Although
this technique requires less time and money and
the patient does not have to be moved from 1 laser
system to the next during surgery, some flap-
related risks persist. Trauma-induced flap disloca-
tion, for example, can become a problem even years
after surgery.16–20 Furthermore, the LASIK-specific
biomechanical issues accounting for the risk for
iatrogenic corneal ectasia are still present with
femtosecond-assisted LASIK and with femtosecond
lenticule extraction. For these reasons, femtosecond
lenticule extraction evolved into small-incision lenti-
cule extraction (SMILE, Carl Zeiss Meditec AG),
which is a flapless procedure facilitated by an
infrared (IR) femtosecond laser system.21–23 Here,
refractive lenticule dissection and removal are per-
formed through 1 or 2 peripheral incisions a few
millimeters in length. This minimizes the risk for iat-
rogenic ectasia, and flap-related complications are
eradicated. Because the current laser system used
for lenticule extraction (Visumax, Carl Zeiss Meditec
AG) operates in the IR wavelength domain
(1043 nm), there are wavelength-specific limitations
to the highest possible degree of precision.
In this study, we present a new 345 nm ultraviolet
(UV) femtosecond laser developed by Alcon-
Wavelight for refractive surgery. It was designed toSubmitted: July 22, 2014.
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J CATARACT REFRACT SURGenable procedures similar to femtosecond lenticule
extraction and small-incision lenticule extraction
with a more accurate laser focus resulting from the
shorter wavelength. Therefore, the pulse energy neces-
sary to disrupt the corneal stroma ismarkedly reduced
compared with standard IR femtosecond lasers. We
hypothesize that this results in a significant reduction
in intrastromal gas formation and a higher degree of
precision. Here, we share insights into how this laser
interacts with corneal tissue in enucleated pig and
rabbit eyes. In addition to evaluating the overall
morphology of intrastromal UV femtosecond laser
cuts, we also examined gas-bubble formation and the
keratocyte death rate after lamellar bed creation. These
data were comparedwith those derived from a clinical
IR femtosecond laser (Wavelight FS200, Wavelight
GmbH). Moreover, we assessed the endothelial cell
survival rate after creation of a lamellar bed in close
proximity to the endothelium with the UV femto-
second laser.MATERIALS AND METHODSLaser Treatment and Study DesignEvaluation of Stromal Effects Twenty-five enucleated
porcine eyes were obtained from the local abattoir and
used for laser-assisted stromal flap (n Z 5) and lamellar
bed (nZ 20) creation within 5 hours postmortem. The flaps
and lamellar cuts had a diameter of 9.0mmandwere applied
at a corneal depth of 150 mm. The 5 flap specimens had a side
cut and an epithelial incision and were lifted before further
processing. Ten lamellar cuts and the 5 stromal flaps were
created by a 345 nm UV femtosecond laser system, an early
prototype version of which has been described.24 It relies on
a diode-pumped solid-state amplified femtosecond laser
(pulse duration w300 fs), based on ytterbium technology.
In this group, a laser pulse energy of 80 nJ was applied
with a spot separation of 4 mm 4 mmand a resulting energy
dose of 0.5 J/cm2. The 10 remaining corneal lamellae were
cut using the Wavelight FS200, a commercially available
standard IR femtosecond laser in clinical use. Here, 800 nJ
were applied with a spot separation of 7 mm  7 mm and a
resulting energy dose of 1.6 J/cm2 (wavelength 1030 nm).
The lifted flap specimens were immersion-fixed (see
below) after the flap had been repositioned. Then, sagittal tis-
sue samples were prepared for light and electron micro-
scopy. From both laser groups (UV and IR), 4 porcine eyes
that had been subjected to lamellar bed creation without a
side cut were stored in phosphate-buffered saline (PBS) for
3 hours at room temperature after laser application. This al-
lowed the gas to dissipate and the stromal keratocytes to
react to the insult. Then, the corneas were prepared and
bisected. One half was prepared for light and electron micro-
scopy while the other half was cryoembedded in optimum
cutting temperature compound (Tissuetec, Sakura Fintek)
without chemical fixation for subsequent fabrication of cryo-
sections and application of a terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay (In Situ
Cell Death Detection Kit, Roche Diagnostics). The stromal
keratocyte death rate was determined and compared
between the laser groups.- VOL 41, JUNE 2015
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immersed in a phosphate-buffered 10% formalin solution
(pH 7.2) immediately after the lamellar cut to entrap as
much gas as possible. After 24 hours of fixation, the corneas
were dissected and prepared for light and electron micro-
scopy. Semithin sections were produced, and the area occu-
pied by cavitation gas was analyzed (see Data and Statistical
Analysis).
Evaluation of Endothelial Cell Survival To assess the risk for
damage that might be inherent in the application of the new
UV femtosecond laser for endothelial cell survival and
viability, 15 enucleated rabbit eyes were used for intrastro-
mal creation of a lamellar bed that was cut parallel and in
proximity to the corneal endothelium. This study section
relied on freshly isolated rabbit eyes to ensure 100% viable
endothelial cells before laser treatment, which was per-
formed immediately after enucleation. The eyes were taken
from adult female New Zealand White rabbits that had
been humanely killed in the course of an unrelated study.
All procedures were in accordance with the Association for
Research in Vision and Ophthalmology Statement for the
Use of Animals in Ophthalmic and Vision Research. In 5
eyes, a circular lamellar bed (diameter 9.0 mm) was cut
50 mm from the endothelium with standard laser parameters
suitable to perform refractive surgery (pulse energy 80 nJ;
spacing 4 mm  4 mm). This resulted in an energy dose of
0.5 J/cm2 (standard energy). In the remaining 10 eyes, a
10-fold increased energy dose (5.1 J/cm2) was administered
by application of 120 nJ at a spot separation of 1.5 mm 
1.5 mm (10-fold energy). In 5 of those eyes, the lamellar bed
was positioned 50 mm from the endothelium and in the re-
maining 5 eyes, at 100 mm. To elucidate the stromal cutting
depth necessary to obtain a lamellar cleavage plane at the
desired distance from the endothelium, the central corneal
thickness (CCT) in every rabbit eye was determined by ante-
rior segment optical coherence tomography (AS-OCT) (SS-
1000, Tomey Corp.). Then, the desired endothelial distance
was subtracted from the acquired CCT to obtain the required
cutting depth. After creation of the lamellar bed, the eyes
were incubated in PBS at room temperature for 3 hours to
allow the stromal and endothelial cells to react to the insult.
Then, the corneas were dissected and prepared for light and
electronmicroscopy. A sagittal specimenwas dissected from
every cornea for embedding in epoxy resin (see Light and
Transmission Electron Microscopy) and subsequent light
and transmission electron microscopy analysis. Another
sagittal specimen was cryoembedded in optimum cutting
temperature compound for fabrication of TUNEL assays
on sagittal cryosections. Apart from that, an unfixed endo-
thelial whole mount was prepared from every cornea by
carefully dividing the corneal stroma parallel to the endothe-
lium with an ophthalmic knife (Mani, Inc.). Then, the whole
mounts were stained with trypan blue and alizarin red (see
Light and Transmission ElectronMicroscopy). The described
specimens were analyzed light and electron microscopically
with special attention to endothelial cell survival and
viability.Light and Transmission Electron MicroscopyTissue samples determined for standard histological and
ultrastructural analysis were fixed for 24 hours at room tem-
perature in a solution containing glutaraldehyde 2.5% in
S€orensen phosphate buffer (0.1 M monopotassium phos-
phate, 0.1 M disodium phosphate  2 water), unless statedJ CATARACT REFRACT SURGotherwise. After being rinsed twice in phosphate buffer for
30minutes, the samples were post-fixed in osmium tetroxide
2.0% for 1.5 hours at room temperature, rinsed again twice in
phosphate buffer for 30 minutes, and dehydrated in an
ascending series of alcohols. Contrast enhancement was per-
formed using uranyl acetate 1.0% in 70% ethanol for 1 hour
at room temperature. After contrast enhancement and dehy-
dration, the samples were placed in propylene oxide twice
for 30 minutes, followed by 5 hours in a mixture of 2 parts
propylene oxide and 1 part epoxy embedding medium
(Fluka, Sigma-Aldrich Chemie GmbH). This was followed
by overnight incubation of the sample in a mixture of 1
part propylene oxide and 1 part epoxy embedding medium.
Subsequently, the propylene oxidewas allowed to evaporate
at room temperature for 7 hours and the samples were trans-
ferred into a mold filled with pure epoxy embedding
medium that was polymerized overnight at 80C. Sagittal
semithin sections of 1 mm thickness were cut with a micro-
tome (Ultracut E, Reichert-Jung, Inc.), stained with toluidine
blue, coverslipped with Entellan (Merck kGaA), and viewed
with a Keyence microscope (Biorevo BZ-9000E, Keyence
Corp.). Ultrathin sections were cut with the same microtome
as mentioned above, mounted on copper mesh grids (Plano
GmbH), and viewed with a transmission electron micro-
scope (906E, LEO Elektronenmikroskopie GmbH).
Unfixed sagittal cryosections were fabricated with a cut
thickness of 5 mm. The sections were mounted on gelatin-
coated glass slides and allowed to dry for 20 minutes
at room temperature. Then TUNEL assays were performed
according to the manufacturer’s recommendations.
The sections were counterstained with 40,6-diamidino-
2-phenylindole (DAPI) (Sigma-Aldrich Chemie GmbH),
coverslipped with fluorescent mounting medium (Dako
Deutschland GmbH), and viewed with a fluorescence mi-
croscope (BX-51TF, Olympus Corp.).
Unfixed whole-mount specimens containing the endothe-
lium and the posterior part of the corneal stromawere placed
in trypan blue 0.25% (Biochrom AG) for 1 minute at room
temperature. After a short rinse in PBS, the whole mounts
were stained in alizarin red 0.2% (Waldeck GmbH &
Co.KG) for 5 minutes at room temperature and rinsed again.
Then, the specimens were mounted on a glass slide with the
endothelial side facing upward, coverslipped with a water-
soluble mounting medium (Aquatex, Merck kGaA), and
viewed with the fluorescence microscope.Data and Statistical AnalysisDigital photography and AS-OCT imaging were used to
obtain an overall comparative impression of the cavitation
gas formation caused by IR and UV femtosecond laser–
based flap creation. Semiquantitative 2-dimensional (2-D)
analysis and comparison of gas formation were performed
on sagittal semithin sections. Here, the area occupied by
gas was measured with suitable software (BZ-II Analyzer,
Keyence Corp.) and divided by the length of the cutting
line as measured within the same section. The gas
area:cutting-line length ratio was determined in every
specimen, and the mean G standard deviation (SD) was
calculated within every laser group (nZ 2  6). Both values
were compared, and the difference observedwas checked for
statistical significance using an unpaired 2-tailed Student t
test after confirmation of normal distribution by the
Kolmogorov-Smirnov test (SPSS Statistics, version 20, Inter-
national Business Machines Corp.).- VOL 41, JUNE 2015
Figure 1. Comparison of stromal
gas generation by an IR femto-
second laser versus the UV
femtosecond laser. A and B: Macro-
scopic appearance of gas-bubble
generation by the IR femtosecond
laser (A) and the UV femtosecond
laser (B) in porcine corneas. Photo-
graphs were taken immediately
after lamellar bed creation. Bubble
size, and hence the total gas vol-
ume, seems markedly reduced by
the UV femtosecond laser. C and
D: Anterior segment OCT scans of
porcine corneas immediately after
lamellar bed creation by an IR
femtosecond laser (C) and the UV
femtosecond laser (D). Intrastromal
white reflections caused by stromal
gas mark the cutting line. These re-
flections are much more pro-
nounced in the IR femtosecond
laser specimens (C) than in the UV
femtosecond laser specimens (D).
1282 LABORATORY SCIENCE: 345 NM UV FEMTOSECOND LASERMorphological characterization of the cutting line and sur-
rounding stroma after IR and UV femtosecond laser applica-
tion was performed evaluating sagittal semithin and
ultrathin sections.
The keratocyte death rate was determined on the sagittal
cryosections (see Evaluation of Stromal Effects) counting
the TUNEL-positive cells along the cutting line in both laser
groups (n Z 2  4). The TUNEL-positive cell count was
divided by the length of the cutting line in every section
examined. Then, the average cell count:cutting-line ratio
was calculated as the meanG SD in both laser cohorts and
the difference checked for statistical significance using an un-
paired 2-tailed Student t test after confirmation of normal
distribution by the Kolmogorov-Smirnov test (SPSS Statis-
tics, version 20, International Business Machines Corp.).
Endothelial cell survival and viability were assessed after
application of a lamellar cut in proximity to the corneal endo-
thelium with the UV femtosecond laser (see Evaluation of
Endothelial Cell Survival). Sagittal semithin and ultrathin
sections of the rabbit corneas, as well as prepared whole
mounts and TUNEL-stained cryosections, were used to esti-
mate the danger of laser-induced damage to the endothe-
lium. This was performed at 2 laser energy levels and at 2
distances to the endothelium (see Evaluation of Endothelial
Cell Survival).
RESULTSFigure 2. Histology of gas bubbles (arrows) after flap creation withGas Formation
the IR femtosecond laser (A) and the UV femtosecond laser (B).
The blackened area is an example of a region of interest selected
for semiquantitative analysis. Quantificationwas performed by add-
ing all areas occupied by gas. The total gas area was then divided by
the length of the cutting line investigated (C). These data show that
gas production was significantly less with the UV femtosecond laser
than with the IR femtosecond laser (unpaired 2-tailed Student t test
after confirmation of normal distribution by Kolmogorov-Smirnov
test) (IR-FSL Z infrared femtosecond laser; UV-FSL Z ultraviolet
femtosecond laser).Judging from the digital photographs and AS-OCT
scans taken of the porcine lamellar bed specimens
immediately after lamella creation, application of the
UV femtosecond laser resulted in markedly reduced
gas formation comparedwith the IR femtosecond laser
(Figure 1). There appeared to be more but smaller gas
bubbles in the UV femtosecond laser specimens. These
findings were corroborated by the 2-D analysis ofJ CATARACT REFRACT SURGsagittal semi-thin sections (Figure 2). Evaluation of
the UV femtosecond laser specimens yielded a mean
gas area of 12.8 G 3.1 (SD)  103 mm2/mm cutting
line, whereas application of the IR femtosecond laser
resulted in a value of 53.7 G 13.9  103 mm2/mm.
This difference was statistically significant (P Z .001,- VOL 41, JUNE 2015
Figure 3. Femtosecond laser cutting line
morphology. A: Histology of cutting line
(arrowheads) applied by the IR femto-
second laser in porcine corneal stroma. B:
Conspicuous striation pattern without a
discernible continuous cutting line after
application of the new UV femtosecond
laser. Keratocyte necroses (arrows) adja-
cent to the striations. C: Stromal flap in
porcine cornea cut with the UV femto-
second laser. Flapwas lifted and relocated.
Tissue separation within the striated zone
is discernible (stars). D: Electronmicro-
graph of the striations in a rabbit cornea.
Striations represent minuscule cuts or
areas of pronounced collagen disruption
(arrowheads), presumably inflicted by self-
focusing. The arrow marks a stromal gas
bubble. E: Disruption of collagen fibers
within striation (star). F: Disorganized
collagen fibers near striation (star). G:
Necrotic keratocytes (arrows) adjacent to
striation (arrowheads).
1283LABORATORY SCIENCE: 345 NM UV FEMTOSECOND LASERunpaired 2-tailed Student t test). According to these
data, the UV laser produced 4.2 times less gas than
the IR laser.Cutting-Line MorphologyAs opposed to the IR femtosecond laser specimens
(Figure 3, A), no distinct cutting line was discernible
by light and electron microscopy after UV femto-
second laser application with standard energy param-
eters. Instead, a characteristic and conspicuous
striation pattern was found in its place, presumably
representing the laser pulses (Figure 3, B and D). His-
tological examination of the porcine corneas in which
the flap had been lifted and repositioned showed that
the cutting line was located within the striations
(Figure 3, C). In general, the streaks were oriented
perpendicular to the cutting line. In some areas, elec-
tronmicroscopic analysis showed the striations consti-
tuted actual cuts (Figure 3, D), while in other places
they represented spatially very restricted zones of
collagen fiber disruption (Figure 3, E). The streaks
had a width of approximately 0.5 mm. In someJ CATARACT REFRACT SURGlocations, the collagen fibers near the striations ap-
peared disorganized (Figure 3, F). Some keratocytes
that were situated in proximity to the streaks showed
clear signs of necrosis, such as severe swelling of the
nucleus (Figure 3, B and G). These signs were not
found in the IR laser histological specimens, although
some isolated streaks were occasionally found.Keratocyte Death RateThe TUNEL assay evaluation of the porcine lamella
specimens showed a significantly higher keratocyte
death rate after application of the UV femtosecond
laser than after application of the IR femtosecond
laser (Figure 4). Quantification of the TUNEL-
positive keratocyte count near the cutting line yielded
21 G 2 cells/mm in the UV femtosecond laser speci-
mens and 12G 1 cells/mm in the IR femtosecond laser
specimens (Figure 4, C). This difference was statisti-
cally significant (P ! .001, unpaired 2-tailed Student
t test). In the UV femtosecond laser-related cryosec-
tions evaluated, the TUNEL-positive keratocytes
were only found within a region of 38G 10 mm depth- VOL 41, JUNE 2015
Figure 4. The TUNEL assay on sagittal cryosections (5 mm) of porcine
corneas 3 hours after lamella creation.A: Infrared femtosecond laser.
B: Ultraviolet femtosecond laser. C: Semiquantitative analysis of
TUNEL-positive keratocytes along the cutting line. There was a
statistically significant increase in the TUNEL-positive keratocyte
cell count after lamellar cut creation with the UV femtosecond laser
(unpaired 2-tailed Student t test after confirmation of normal distri-
bution by Kolmogorov-Smirnov test) (IR-FSL Z infrared femto-
second laser; UV-FSLZ ultraviolet femtosecond laser).
1284 LABORATORY SCIENCE: 345 NM UV FEMTOSECOND LASERalong the cutting line. This death zone had a mean
thickness of 25 G 2 mm in the IR femtosecond laser-
related cryosections. In the porcine flap and lamellaJ CATARACT REFRACT SURGspecimens, the corneal epithelium and endothelium
were entirely negative for TUNEL staining in both
laser groups except for occasional cells in the superfi-
cial layer of the epithelium.Endothelial Cell SurvivalUltraviolet femtosecond laser–assisted creation of a
cleavage plane 50 mm from the corneal endothelium
resulted in no endothelial cell death as long as stan-
dard energy parameters were used (80 nJ; 4 mm  4
mm; 0.5 J/cm2). The cells were still in place and ex-
hibited a normal morphology, as evident by light
and electron microscopy (Figure 5, A to C). No
TUNEL-positive endothelial cells were detected
(Figure 5, D).
The same was true for application of a 10-fold
increased energy dose (5.1 J/cm2; 120 nJ; 1.5 mm 
1.5mm)as long as a safetydistance of 100mmto the endo-
thelium was maintained (Figure 6, A to C). Administra-
tion of a 10-fold energy dose 50 mm from the
endothelium rendered the endothelial cells morphologi-
cally normal, as judged from sagittal semithin sections
(Figure 6, D). However, some of these cells were
TUNEL-positive (Figure 6, E) and had disturbances of
the physiologic hexagonality, indicatingmoderate endo-
thelial cell loss (Figure 6, F). Severe swelling and degen-
eration of the corneal endothelium was detected inFigure 5. Endothelial cell viability after
administration of a UV femtosecond laser-
derived lamellar cut in proximity to the
endothelium (w50 mm) with standard en-
ergy. A: Whole mount of corneal endothe-
lium (rabbit). Staining was performed
with toluidine blue–alizarin red without
fixation (viability staining). All endothelial
cells studied were alive and viable; overall
morphology of the endothelium appeared
normal. B: Sagittal semithin section of a
rabbit cornea. The UV femtosecond laser
pulse–related striations (black arrows) are
clearly visible and surrounded by occa-
sional necrotic keratocytes (white arrows).
Endothelial cells (arrowheads) remained
intact. No continuous cutting line is detect-
able in standard histology specimens. C:
Electronmicrograph showing a UV femto-
second laser-derived cutting line (black
arrows) adjacent to the endothelium (arrow-
heads) of a rabbit cornea. Intact endothelium
and necrotic keratocytes (white arrows) near
the cleavage plane are discernible. D: The
TUNEL assay on sagittal cryosection of rab-
bit cornea 3 hours after creation of the
lamellar cut. The TUNEL-positive (red) ker-
atocytes roughly demarcate the cleavage
plane. The endothelial cells (arrowheads)
remain intact and in place.
- VOL 41, JUNE 2015
Figure 6. Endothelial cell viability after administration of a 10-fold increased energy dose to create a lamellar bed near the endotheliumwith the
UV femtosecond laser. A, D, and G: Sagittal semithin sections stained with toluidine blue showing the easily discernible cutting line and the
corneal endothelium. B, E, and H: The TUNEL assay on sagittal cryosections showing the cutting line and the corneal endothelium. TUNEL-
positive cells are stained red. Nuclear staining with DAPI (blue). C, F, and I: Endothelial whole mounts stained with trypan blue and alizarin
red. A: Normal morphology and abundance of endothelial cells (black arrowheads) after creation of a lamellar bed (white arrowheads) with
10-fold increased energy dose at a distance of 100 mm from the endothelium.Arrowsmark necrotic keratocytes. B: TUNEL-negative endothelium
after creation of a lamellar bedwith 10-fold increased energy dose at a distance of 100 mm. C: Normalmorphology and abundance of endothelial
cells after creation of a lamellar bed with 10-fold increased energy dose at a distance of 100 mm. D: Apparently normal morphology and abun-
dance of endothelial cells (black arrowheads) after creation of a lamellar bed (white arrowheads) with 10-fold increased energy dose applied 50 mm
from the endothelium. Arrows mark necrotic keratocytes. E: Some endothelial cells are TUNEL-positive (white arrowheads) after creation of a
lamellar bed with 10-fold increased energy dose 50 mm from the endothelium. F: Whole mount showing occasional disturbances of endothelial
cell hexagonality (arrowheads), indicating moderate endothelial cell loss after creation of a lamellar bed with 10-fold increased energy dose at a
distance of 50 mm.G: Endothelial cell apoptosis (black arrowheads) after creation of a lamellar bed (white arrowheads) with 10-fold increased energy
dose at a distance of 30 mm. Arrowsmark necrotic keratocytes.H: High number of TUNEL-positive endothelial cells (white arrowheads) after cre-
ation of a lamellar bed with 10-fold increased energy dose at a distance of 30 mm. I: Whole mount showing marked endothelial cell loss (arrow-
heads) after creation of a lamellar bed with 10-fold increased energy dose at a distance of 30 mm. All specimens display an increased number of
necrotic (arrows) and TUNEL-positive (red) keratocytes near the cutting line (A, B, D, E, G, H) compared with standard energy (see Figure 5 for
comparison).
1285LABORATORY SCIENCE: 345 NM UV FEMTOSECOND LASERlocations where the endothelial distance of the laser cut
had markedly fallen below the desired 50 mm as a result
of irregularities in corneal surface topography (Figure 6,
G).Here, the number of TUNEL-positive cellswas signif-
icantly increased (Figure 6, H), while areas of conspicu-
ous endothelial cell loss were detected in the whole
mounts (Figure 6, I). In all specimens treated withJ CATARACT REFRACT SURG10-fold energy parameters, a continuous cutting line
was discernible histologically.DISCUSSION
Recently, the use of a 355 nm UV nanosecond laser for
flap creation in rabbit eyes was reported.25 In the- VOL 41, JUNE 2015
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aration 6 mm 6 mm;pulse duration 0.5 to 1.0 ns; energy
dose 6.1 J/cm2) was considered adequate for flap crea-
tion. While operating at a similar wavelength, our
345 nm UV femtosecond laser can cut corneal flaps
with as little as 0.08 mJ (spot separation 4 mm  4 mm;
pulse duration w300 fs; energy dose 0.5 J/cm2).
Although the pulse energy and energy dose used in
the nanosecond laser study25 were 27.5 times and 12.2
times higher, respectively, no epithelial or endothelial
damage was observed. Stromal keratocyte cell death
near the interface was reported to be moderate and
comparable with that found after application of
commonly used IR femtosecond lasers.25,26 Because
the UV laser energy parameters used in the present
study were markedly lower, it is not surprising that
neither the epithelium nor the endothelium showed
signs of damage after flap or lamellar bed creation.
Even positioning the interface of a lamellar cut only
50 mm from the endothelium did not result in any
detectable endothelial cell death as long as standard en-
ergy parameters were used. A 10-fold increased energy
dose appeared unproblematic if a safety distance of 100
mm from the endothelium was maintained. Hence, it is
tempting to speculate that our new UV femtosecond
laser is suitable for surgical interventions near the
corneal endothelium, especially if endowed with real-
time OCT-guided interface depth control to compen-
sate for irregularities in corneal surface topography.27
This may be of interest for corneal surgeons aiming
for the standardized preparation of ultrathin
Descemet-stripping endothelial keratoplasty (DSEK)
grafts. At present, the standard method involves
manual preparation or the use of an automated micro-
keratome.28,29 Here, the achieved DSEK lamella thick-
ness has been reported to range between 70 mm and
250 mm.30,31
Femtosecond lasers have been used successfully for
highly standardized posterior corneal disk prepara-
tion and transplantation.32–34 Although femtosecond
laser DSEK lamellae are usually created with a mini-
mum thickness of 150 mm to preserve the endothelial
cells,35,36 better visual outcomes have been correlated
with thinner grafts.29,37 Therefore, laser systems
capable of operating at distances between 50 mm and
100 mm without damaging the corneal endothelium
are of high value in this respect. Thus, the UV femto-
second laser presented here might be able to fill this
gap and facilitate the preparation of ultrathin DSEK
lamellae in the future. However, more detailed studies
are needed to assess the feasibility of this application.
Theoretically, the low energy levels necessary per
UV laser pulse to sufficiently disrupt the corneal
stroma for flap or lenticule creation should coincide
with a much higher degree of precision in refractiveJ CATARACT REFRACT SURGsurgery (as compared with standard IR femtosecond
lasers). Because of the shorter wavelength, a UV laser
is able to create a more accurate focus than an IR laser.
Therefore, photodisruption is possible with signifi-
cantly less energy per laser pulse. In addition to a
reduced plasma shockwave, this also leads to a
decrease in stromal gas generation and therefore to
much smaller stromal bubbles in the laser focus during
photodisruption. In the present study, intraoperative
gas formation by the 345 nm UV femtosecond laser
was assessed with digital photography, AS-OCT scan-
ning, and morphometric analysis of sagittal cornea
sections. The results were compared with the gas
formation elicited by the Wavelight FS200, an IR
femtosecond laser in clinical use. According to semi-
quantitative morphometry, the UV femtosecond laser
produced approximately 4 times less gas during
lamellar bed creation than the Wavelight FS200 laser.
However, the accuracy of these measurements was
limited. First, we performed a 2-D analysis of the
area occupied by stromal gas in sagittal semithin sec-
tions. Although this gives us a reasonably good quan-
titative impression of laser-induced gas formation, the
exact volume of gas bubbles produced in 3 spatial di-
mensions remains unknown. It is therefore likely that
the difference in gas production between the 2 femto-
second laser types is actually much more pronounced.
Second, it was not possible to entrap the cavitation gas
immediately after photodisruption. On generation, the
gas is subjected to intrastromal diffusion. It is assumed
that the bubbles created directly in the laser pulse
focus start converging at once, forming larger second-
ary bubbles. Although we immersed the eyes in a
fixative containing formalin 10.0% immediately after
lamellar bed creation, the chemical fixation process
took some time before the gas bubbles were entrapped
and fixed at a certain intrastromal location. By then,
the gas had already converged and perhaps dissipated
to a certain degree. It is likely that the converging and
dissipation processes were more pronounced in the
UV femtosecond laser specimens because of the small-
er gas bubble size. Here, the higher surface-to-volume
ratio may have caused a faster net diffusion of stromal
gas, resulting in earlier loss of very small bubbles. To
keep as much gas as possible in the corneal stroma,
we refrained from producing a lateral side cut with
epithelial incision in the lamella specimens. This
way, the corneal surface remained intact and helped
entrap the gas near the flap interface. Our data indicate
that more detailed comparative studies of IR and UV
femtosecond laser precision are necessary.
Morphologically, it was striking that a clear
intrastromal cutting line was detected in the IR femto-
second laser specimens but not in the UV femtosecond
laser samples after application of standard energy- VOL 41, JUNE 2015
1287LABORATORY SCIENCE: 345 NM UV FEMTOSECOND LASERparameters. Instead, a repetitive pattern of striations
perpendicular to the cutting line was observed in
every UV femtosecond laser specimen. However,
blunt severance of residual tissue bridges in the inter-
face was easily possible after UV femtosecond laser
flap creation. Electron microscopy showed the
striations to constitute areas of collagen fiber disrup-
tion. The streaks resembled those described by Heist-
erkamp et al.38 and presumably represent areas of
stromal tissue breakdown due to self-focusing of the
intense electromagnetic laser radiation as it passes
through the corneal tissue. Thus, these vertical stria-
tions are thought to constitute nonlinear side effects
of the femtosecond laser pulses and are commonly
considered as harmless because they seem to have
no visible refractive effect.38 Trost et al.25 also observed
intrastromal striations that helped identify the actual
cutting line, which was discernible histologically after
flap creation with a UV nanosecond laser. If adminis-
tered with an energy dose that was 10 times as high
as necessary for flap creation, the cutting lines gener-
ated by our UV femtosecond laser were also detectable
histologically.
Keratocyte cell death was confined to a narrow zone
along the stromal interface in both laser groups.
Although the 345 nm UV femtosecond laser produced
a higher number of TUNEL-positive keratocytes than
the IR femtosecond laser, the death zone did not
exceed a thickness of approximately 40 mm after appli-
cation of standard energy parameters. Therefore, the
slight increase in the keratocyte death rate would not
likely cause clinical complications because death zones
of approximately 50 mm or more are also commonly
found after photorefractive keratectomy or IR femto-
second laser keratotomy without serious side
effects.39,40 However, our ongoing in vivo studies
will have to show that no adverse effects develop in
the cornea days or even weeks after surgery before a
clinical trial is possible. Similarly, it is crucial to
examine whether the application of a UV femtosecond
laser poses a threat to the lens (cataract formation) and
retina due to residual UV and stray blue light radia-
tion. This issue is also the subject of current investiga-
tion in our laboratories.
This study shows that compared with standard IR
femtosecond lasers, the new 345 nm UV femtosecond
laser required a significantly lower level of energy to
create an intrastromal laser cut. This coincides with a
significant decrease in gas formation. It is tempting
to speculate that this is also associated with a higher
degree of surgical precision resulting from better
wavelength-related laser focus. The tolerance of the
endothelial cells, despite close administration of a
lamellar bed, indicates that the 345 nm UV femto-
second laser is a candidate for safe flap creation,J CATARACT REFRACT SURGrefractive lenticule extraction, and ultrathin DSEK
lamella preparation.-WHAT WAS KNOWN
 Small-incision lenticule extraction is a flapless technique
that minimizes the loss of biomechanical integrity caused
by refractive lenticule extraction. At present, only IR
femtosecond lasers are used for this procedure.
 Regarding lenticule creation, the highest possible degree
of surgical precision is wavelength dependent. Ultraviolet
femtosecond laser systems might be able to create
refractive lenticules more accurately and with less energy
than IR femtosecond lasers.WHAT THIS PAPER ADDS
 A new 345 nm UV femtosecond laser prototype appears to
be a candidate for future high-precision intrastromal
refractive surgery procedures such as lenticule extraction
or DSEK lamella preparation. Ultraviolet femtosecond
laser lamellar cuts can be created 50 mm from the corneal
endothelium without apparent loss of endothelial cells.
 In enucleated animal eyes, the 345 nm UV femtosecond
laser created 4 times less gas than a standard IR femto-
second laser due to a decreased amount of applied energy
and better laser focus.
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